The whole set has been compared to physically realistic models to test both sets of LISM physical parameters as measured by Ulysses and IBEX, respectively. This comparison shows that the LISM velocity vector has not changed significantly since Ulysses measurements.
INTRODUCTION
The Sun probes its galactic surroundings as it flows through the local interstellar medium (LISM), also called the local interstellar cloud, a diffuse warm and partially ionized medium, mainly composed of atomic hydrogen (Frisch et al. 2011) . The relative motion of the LISM with respect to the Sun creates an interstellar wind that interacts with the supersonic expanding solar wind (SW). Because the ionized component of the LISM and the SW are both magnetized plasmas, they cannot penetrate each other, so the SW carves out a cavity called the heliosphere (Parker 1961; Baranov et al. 1971; Axford 1972) . While the ionized component of the LISM is slowed down and deflected at the boundary of the heliosphere (the heliopause), interstellar neutral atoms can cross the heliospheric interface (Blum & Fahr 1970) . Within the heliosphere, hydrogen atoms form a population called interplanetary hydrogen (IPH) that has been observed through the backscattering of solar Lyα photons from the 1970s (Bertaux & Blamont 1971; Thomas & Krassa 1971) until now. While crossing the heliospheric interface, the bulk motion of interstellar hydrogen atoms is slowed down because of resonance charge exchange reactions with the slowing LISM protons (Wallis 1975; Baranov & Malama 1993; Linsky & Wood 1996) . Inside the heliosphere, the IPH is affected by several temporally dependent processes related to the SW and the solar Lyα radiation, resulting in variations of the IPH bulk velocity with solar cycle (Quémerais et McComas et al. 2012) ; these variations raise the question of a possible deceleration of the LISM relatively to the heliosphere. On a larger scale, the LISM velocity can also be estimated by Doppler triangulation from absorption measurements over long distances toward nearby stars (within 100 pc of the Sun): Bertin et al. (1993) obtained a velocity of 25.5 ± 1.0k ms −1 during the Ulysses era, while more recent measurements provided a lower value of 23.84 ± 0.9k ms −1 (Redfield & Linksy 2008) .
The heliosphere is also affected by the local interstellar magnetic field (LIMF). Models taking into account the obliquity of the LIMF showed a severe distortion of the heliosphere (Fahr et al. 1988; Ratkiewicz et al. 1998; Pogorelov & Matsuda 1998) . These predictions were confirmed by a multi-observational approach: the deviation of the intensity maximum in the Lyα flux from the upwind direction as detected by Voyager 1/ Ultraviolet Spectrometer (Ben-Jaffel et al. 2000) , the deflection of the interstellar hydrogen flow with respect to the helium flow as observed by Solar and Heliospheric Observatory (SOHO)/ Solar Wind ANisotropy (SWAN; Lallement et al. 2005 Lallement et al. , 2010 Izmodenov et al. 2005) , the difference in the termination shock heliospheric distances detected by the Voyager 1 and Voyager 2 spacecraft (Ratkiewicz & Grygorczuk 2008; Izmodenov 2009; Pogorelov et al. 2009; Opher et al. 2009) , and the ribbon of energetic neutral atoms around the heliosphere discovered by Cassini (Krimigis et al. 2009 ) and IBEX ).
As the IPH velocity depends on the relative motion of the LISM with respect to the heliosphere, we propose a complementary approach to studying the LISM. In this Letter, we describe IPH observations made in 2012 and 2013 by the Hubble Space Telescope (HST)/Space Telescope Imaging Spectrograph (STIS). We compile these with other IPH observations, and compare them with a physically realistic model in order to provide constraints on the LISM parameters and discuss the discrepancy between LISM velocity measurements from Ulysses and IBEX.
OBSERVATIONS OF THE INTERPLANETARY HYDROGEN

Description of the Instrument and the Signal
Servicing on the HST since 1997, STIS is an ultraviolet spectrograph, including an echelle mode that combines an echelle grating with a cross-disperser grating (Woodgate et al. 1998) .
STIS has been used to observe the IPH along a line of sight (LOS; λ = 253.
• 2 and β = 7.
• 0 in ecliptic coordinates) that is near the upwind direction, on 2001 March 29, 2012 April 9, and 2013 April 22. The velocity of the Earth along the LOS was, respectively, 27.0 km s −1 , 23.9 km s −1 , and 19.6 km s −1 . These observations used the high-resolution echelle grating E140H with the long slit 52 ′′ × 0. ′′ 5 and the FUV-MAMA detectors, the Doppler shift due to HST motion was corrected by the STIS pipeline. The observations were processed to subtract the counts due to the dark current, flat-field the spectro-image, and correct the distortions due to a vertical misalignment and the variation of sensitivity curves along the dispersion correction (Walsh et al. 2001; Hernandez et al. 2014) .
Using a long slit allows the collection of more photons and an increase of the signal to noise from an extended source such as IPH, but this configuration results in the superposition of different orders of the echelle spectrum, especially the contamination of the Lyα line (121.6 nm) by the 130.4 nm triplet line of geocoronal oxygen (Vincent et al. 2011) .
Data Analysis
The background light was fitted by a two-degree polynomial and was then subtracted from the signal. To subtract the contamination by the geocoronal oxygen, we used the signal at the location of the occulting bars where the Lyα line is blocked. This signal has been smoothed by three to obtain a similar signal-to-noise ratio, compared to the main signal outside of the occulting bars.
The line-spread function (LSF) was not available because STIS observations were done in an unsupported mode. Hence we constructed an ad hoc LSF from the convolution of a previously measured LSF from a supported mode with a square filter having the same width as the slit used for the observations (see the second paragraph of Section 2.3 in Vincent et al. 2011) .
We fitted separately the blue side and the red side of the geocorona line profile, using STIS observations made in 2000 and 2001, respectively, as the corresponding side was not overlapped by the IPH or any O i contamination because of the geometry of the observations (see the third paragraph of Section 2.3 in Vincent et al. 2011) . Each side was fitted by the convolution of the ad hoc LSF with a sum of two Voigt functions that fit the core and the wing of that side.
We fitted the IPH line profile with the convolution of the LSF and a Voigt function. The free parameters were the IPH line profile and separation from the geocorona, all of them were fitted simultaneously by solving the least-squares problem with an algorithm implementing the Levenberg-Marquardt technique (Markwardt 2009 ). We derived the IPH line-shift from the Doppler shift between the IPH and the geocorona line centers, and after subtraction of the Earth's velocity along the LOS. Radiative transfer computations showed that any observed lineshift represents approximately the bulk velocity of the IPH atoms, projected and integrated along the LOS from the Earth (Quémerais 2000) . We computed the 1σ errors as the quadratic sum of the instrumental and statistical uncertainties (for more details, see the fifth paragraph of Section 2.3 in Vincent et al. 2011) .
For the 2001 observations, this present work yielded a value of 22.6 ± 0.5 km s −1 , consistent with a previous analysis that was fitting all spectral features (instead of removing the signal from the occulting bars) and gave a result of 22.4 ± 0.4 km s −1 (Vincent et al. 2011) . The similarity between the results from different methods on the same data set validates the robustness of the method that has been used for this data analysis. Our best fits to the other STIS observations provide a line shift of 23.5 ± 0.5 km s 
MODEL OF THE INTERSTELLAR HYDROGEN DISTRIBUTION IN THE HELIOSPHERE
To interpret the data, we use an advanced three-dimensional (3D) non-stationary kinetic model of the interstellar hydrogen distribution inside the heliosphere (Izmodenov et al. 2013) . This model combines the relative numerical simplicity of the classical hot-type models (e.g., Bzowski et al. 1997 ) with the possibility to take into account local 3D and time-dependent effects as well as the disturbances of the interstellar atoms distribution at the heliospheric boundaries. In order to calculate spatial and velocity distribution of the IPH near the Sun as well as the backscattering of solar Lyα photons by the IPH, we followed three separate steps.
Outer Heliosphere
At the first step, we run a global (axisymmetric or 3D) stationary kinetic-gasdynamical model of the interaction between the SW and the LISM, finding the global structure of the heliospheric interface region as well as parameters of the interstellar hydrogen distribution far away from the Sun (Baranov & Malama 1993; Izmodenov et al. 2009 Izmodenov et al. , 2013 . Because interstellar hydrogen atoms have large mean free paths comparable with the characteristic distance of the heliosphere (hundreds of AU), the evolution of the velocity distribution must be described by the kinetic Boltzmann equation. The model computes the perturbations of the hydrogen velocity distribution function due to charge exchange in the LISM/SW interaction region. These perturbations provide the non-Maxwellian velocity distribution function at 90 AU from the Sun (Katushkina & Izmodenov 2010 .
Inner Heliosphere
At the second step, we use the obtained hydrogen distribution at 90 AU as the boundary conditions for our 3D time-dependent kinetic model of hydrogen distribution in the heliosphere and find the detailed hydrogen velocity distribution function near the Sun (for details, see Izmodenov et al. 2013) . Inside the heliosphere, the IPH atoms are subject to counteracting forces: the Sun gravity and the solar radiation pressure, whose ratio yields the dimensionless balanced parameter µ. In the 3D timedependent case, this parameter µ depends on time, heliolatitude and individual radial velocity of H atoms. Two ionization processes lead to the loss of H atoms: charge exchange with the SW protons (β ex ) and photoionization (β ph ). The model assumes that charge exchange and photoionization rates are proportional to the fluxes of the SW protons and solar photons, respectively. The model assumes that the ionization rates decrease as 1/r 2 , so they can be deduced from values at Earth's orbit (β ex,E and β ph,E ). Figure 3 represents the in-ecliptic values of the parameters µ, β ex,E , and β ph,E that are given, respectively, by the LASP Interactive Solar Irradiance Center, the OMNI-2 database, and the SOLAR2000 database. The heliolatitudinal dependance of these ionization rates is given from the analysis of SOHO/ SWAN data (Quémerais et al. 2006b ).
Radiative Transfer
Lastly, the described hydrogen distributions in the heliosphere have been used to calculate the line shift of the backscattered solar Lyα radiation, as measured at the Earth's orbit. We used a radiative transfer model based on the simplified self-absorption approach (Quémerais & Izmodenov 2002) : it takes into account only singly scattered photons but includes extinction along the LOS between the scattering point and the observer. The backscattered solar Lyα line shifts have been calculated toward the direction of 8.
• 9 of ecliptic latitude, and 252.
• 2 of ecliptic longitude. This direction corresponds to the averaged direction of hydrogen flow inside the heliosphere obtained in Lallement et al. (2010) from the SOHO/SWAN data. Calculations were performed for an observer at the Earth orbit as it would be on April 1 (i.e., the ecliptic longitude of the observer is 191
• ) for all years from 1996 to 2013.
LISM parameters
At the first step that describes the SW/LISM interaction, we consider numerical models with four different sets of the LISM boundary conditions (see Table 1 ), using Ulysses or IBEX results for the velocity vector of the LISM, including an interstellar magnetic field (IsMF) or not. For all models, the number densities of protons and hydrogen atoms in the LISM are n p,LISM = 0.06 cm −3 , n H,LISM = 0.18 cm −3 ; the temperature of the LISM is T LISM = 6530 K, within the range provided by Ulysses/GAS data, yielding a Mach number of about 2.
In cases A and B, the relative SW/LISM velocity is |V LISM |= 26.4 km s −1 , and its direction in J2000 ecliptic coordinates has the longitude λ LISM = 75.
• 4 and the latitude β LISM =− 5.
• 2, as reported by the analysis of Ulysses/GAS data on the interstellar helium fluxes (Witte 2004) . In cases C and D, the relative SW/LISM velocity vector was taken from the analysis of the interstellar helium fluxes measured by IBEX-Lo in 2009-2010 • , β LISM =−4.
• 98) with a speed of |V LISM |=23.2 km s −1 . In cases A and C, hydrogen distribution at 90 AU is taken from the results of a stationary axisymmetric self-consistent kineticgasdynamical model of the heliospheric interface developed by Baranov & Malama (1993) , where no magnetic fields were taken into account. Cases B and D employ the results of a 3D kinetic-MHD model of the heliospheric interface (Izmodenov et al. 2005 ) that includes the IsMF, assuming an intensity of 4.4 µG. The IsMF vector lies within the so-called hydrogen deflection plane defined by Lallement et al. (2010) and is assumed to make an angle of 20
• with the LISM velocity vector, this angle giving the best fit of the model for the distances of the termination shock as detected by Voyager ).
DISCUSSION
Data from the SWAN Instrument
Interplanetary Lyα line profiles were also derived from the data obtained with the SOHO/SWAN hydrogen absorption cell that yields annually averaged observations from weekly fullsky maps. The SWAN results cover a waning phase of the solar ; Vincent et al. 2011) , and SWAN results (crosses; Quémerais et al. 2006a) . Results from numerical models made by the Moscow group (Izmodenov et al. 2013 ) have been overplotted: the dim and the dark bands represent models using Ulysses and IBEX results, respectively, for the LISM velocity vector; in both cases, the lower limit represent a model with no interstellar magnetic field (IsMF), while the upper limit includes an 4.4 µG IsMF that belongs to the hydrogen deflection plane and makes a 20 • angle with the LISM velocity vector.
cycle, and indicate a velocity decrease from 25.7 ± 0.2 km s −1 to 21.4 ± 0.5 km s −1 between 1997 and 2003 (Quémerais et al. 2006a) . With the STIS observations, the data set covers a significant fraction of the previous and current solar cycles (23 and 24). Figure 4 shows the IPH velocities obtained from observations by SWAN and STIS. In order to show the solar cycle effect and the influence of LISM, we overplotted the predictions from the four numerical models that are described in the previous section and whose parameters are summed up in Table 1 . The shift between different models remains almost constant over the solar cycle: introducing a LIMF induces a velocity increase of about 0.9 km s −1 ; in the absence of the LIMF, the interstellar flow is supersonic and undergoes a larger deceleration at the bow shock, resulting in a lower IPH velocity.
Comparison with Models
Globally, IPH data fit Ulysses-based models better than IBEXbased models, especially for STIS observations (2001, 2012, 2013) and for a fraction of SWAN observations (1996, 1997, 2000) . The set of equations used to derive the LISM velocity from IBEX data allows a bounding range whose upper value is 25.7 km s −1 (McComas et al. 2012) , so very close to the value measured by Ulysses, which could resolve the current discrepancy between IBEX and Ulysses data. Moreover, a sensitivity study of the LIMF, fitting Voyager in situ plasma measurements and IBEX energetic neutral atoms ribbon, supports Ulysses results as well (Ben-Jaffel et al. 2013) .
Among the two Ulysses-based models, IPH data is better fitted by the model that does not include any LIMF. As the LIMF has been measured through a multi-observational approach (e.g., Lallement et al. 2005; Izmodenov et al. 2005; Ratkiewicz & Grygorczuk 2008; Izmodenov 2009; McComas et al. 2009 ), this discrepancy suggests an unidentified weakness in the model.
Perspectives
Some discrepancies between data and models show that an additional modeling effort is necessary to interpret the observations and reach a better understanding of the heliosphere. On the other side, more observations are required to describe the trends of the IPH velocity. SWAN made some spectral measurements between 2002 and 2007, so their analysis should increase significantly the current data set of IPH velocity measurements. This data set could also be extended with new HST/STIS observations to describe another waxing phase. in 2012, and 23.3 ± 0.5 km s −1 in 2013. These results have been compiled with results from SOHO/SWAN, and the whole data set has been compared over two solar cycles (23/24) with predictions from a kinetic-fluid model of the heliosphere. This comparison shows that the LISM velocity has not changed since the Ulysses era. The discrepancy between the Ulysses and IBEX results can be resolved by considering the upper value of the bounding range allowed by the equations used to derive the LISM velocity from IBEX data. None of the models can fit the whole data set of IPH velocity measurements, which call for additional modeling efforts but also for future observations to better characterize the trend induced by the solar cycle and the constraints due to the LISM.
